Objective-Localization of atherosclerotic plaques typically correlates with areas of biomechanical strain where shear stress is decreased while stretch, thought to promote atherogenesis through enhanced oxidative stress, is increased. Methods and Results-In human cultured endothelial cells, nitric oxide synthase expression was exclusively shear stress-dependent whereas expression of glutathione peroxidase-1 (GPx-1), but not that of Cu 2ϩ /Zn 2ϩ -superoxide dismutase or Mn 2ϩ -superoxide dismutase, was upregulated solely in response to cyclic stretch. GPx-1 expression was also enhanced in isolated mouse arteries perfused at high pressure. Combined pharmacological and decoy oligodeoxynucleotide blockade revealed that activation of p38 MAP kinase followed by nuclear translocation of CCAAT/enhancer binding protein plays a pivotal role in stretch-induced GPx-1 expression in human endothelial cells. Antisense oligodeoxynucleotide knockdown of GPx-1 reinforced both their capacity to generate hydrogen peroxide and the transient stretch-induced expression of CD40, monocyte chemoatractant protein-1, and vascular cell adhesion molecule-1. Consequently, THP-1 monocyte adhesion to the GPx-1-depleted cells was augmented.
A therosclerotic plaques are often located at arterial bifurcations and curvatures. 1, 2 Although the primary risk factors for atherosclerosis (ie, diabetes, dyslipidemia, hypertension, and cigarette smoking) contribute to pathophysiological mechanisms which affect the endothelium in general, they do not explain the focal nature of the disease. Otherwise, it is well known that biomechanical forces exerted on the vessel wall by the flowing blood tend to vary at these predilection sites due to oscillations in blood flow. 3 As a result, laminar shear stress is reduced, whereas volume (pressure)-dependent deformation of the vessel wall is enhanced. 3 Whereas laminar shear stress protects arteries from developing atherosclerosis by maintaining endothelial cell nitric oxide (NO) synthesis, cyclic deformation promotes atherosclerosis through an increased formation of reactive oxygen species (ROS), namely superoxide anions (O 2 Ϫ ). Both radicals rapidly neutralize each other, hence reducing the level of biologically active NO even further. 4 Whereas cyclic stretch in endothelial cells, presumably through activation of protein kinase C and subsequent assembly of NOX-2, 5, 6 initially triggers the formation of O 2 Ϫ , this is rapidly converted to hydrogen peroxide (H 2 O 2 ) by the various superoxide dismutases (SOD) present in these cells. 7 There is accumulating evidence that it may not be O 2 Ϫ per se or its neutralization of NO but the SOD-derived H 2 O 2 which either directly or through activation of distinct protein kinases modulates the activity of transcription factors which are collectively referred to as redox-sensitive. 8 Activation of these transcription factors can alter the endothelial cells phenotype from antiinflammatory to proinflammatory and hence promote atherosclerosis through increased expression of proinflammatory gene products such as monocyte chemoattractant protein-1 (MCP-1) or vascular cell adhesion molecule-1 (VCAM-1). 8, 9 Subsequently, H 2 O 2 is degraded to water and oxygen by catalase or glutathione peroxidase-1 (GPx-1). GPx-1 is a selenium-dependent enzyme that inactivates H 2 O 2 as well as various lipid hydroperoxides. 10, 11 The cellular form of GPx-1 is dispersed throughout the cytoplasm, but also found in mitochondria. 12 Its Michaelis constant (Km value) for H 2 O 2 is significantly lower than that of catalase which appears to become more important under conditions of excessive H 2 O 2 formation. 13 Thus, GPx-1 is considered as the rate-limiting H 2 O 2 -degradingenzyme under physiological conditions in eukaryotic cells (for a comprehensive review see reference 10 ) .
Given the association between biomechanical and oxidative stress and its relation to atherosclerosis, studying the regulation of this antioxidant system might provide important insights into the mechanisms of early lesion formation at arterial branches or bifurcations. In the present study, we first analyzed the effects of cyclic stretch on the expression pattern of the major redox enzymes in human cultured endothelial cells. As there was a robust upregulation of GPx-1 expression in response to cyclic stretch, the potential of this putative compensatory mechanism for maintaining the antiinflammatory properties of these cells was investigated further by using an antisense oligodeoxynucleotide (ODN) based loss of function approach.
Methods
A full description of the methods can be found in the supplemental materials (available online at http://atvb.ahajournals.org). In brief, human umbilical vein endothelial cells (HUVECs) were exposed as primary culture to fluid shear stress (cone-and-plate viscometer) or cyclic stretch (Flexercell strain unit FX-3000). Antisense oligodeoxynucleotides were efficiently transfected into these cells by using Metafectene. Hydrogen peroxide formation in cells seeded onto gelatin-coated glass coverslips or BioFlex culture plates was monitored through changes in dichlorofluorescein fluorescence. Human premonocytic THP-1 cells were maintained under standard conditions. Murine smooth muscle cells were isolated from branches of the mouse mesenteric artery and murine endothelial cells from mouse lungs with the aid of a magnetic cell separation method. Cell-cell interactions were monitored with a color CCD camera and a parallel plate flow chamber mounted on the stage of a high-end inverted research-grade microscope.
Protein detection by Western blot or electrophoretic mobility shift analyses was done according to standard protocols. Total RNA from the blood vessels or cells was isolated by solid-phase extraction followed by reverse transcription and semiquantitative or quantitative real-time PCR analyses.
Statistical calculations were done by exact 2-sided Wilcoxon ranksum tests to compare 2 samples and exact 2-sided Kruskal-Wallis tests to compare 3 or more groups with resulting probability values corrected for multiple testing using appropriate permutation procedures.
Results

Stretch-Induced ROS Formation and H 2 O 2 -Mediated Proinflammatory Gene Expression
On exposure to cyclic stretch there was a transient increase in intracellular ROS in the cultured HUVECs, reaching a maximum at approximately 7 hours and returning to control levels after 24 hours ( Figure 1A ). This increase in intracellular ROS, mainly reflecting H 2 O 2 formation as demonstrated by the addition of PEG-catalase (cf Figure 1B and 1C), after 3 hours of stretching was associated with an increased expression of proinflammatory gene products such as eg, CD40 (185Ϯ10% of static control; nϭ11, adjusted PϽ0.01). This rise in CD40 protein was completely abrogated in the presence of the ROS scavenger Tiron (5 mmol/L, 108Ϯ19% of static control; nϭ4, adjusted PϽ0.01). To further demonstrate that the increase in H 2 O 2 formation was in fact responsible for boosting proinflammatory gene expression, the cultured cells were exposed to glucose oxidase which results in a moderate but steady production of H 2 O 2 . 14 Intracellular H 2 O 2 levels rose approximately 4-fold and triggered a transient (maximum at 2 hours, not shown) and significant increase in the expression of CD40 (213Ϯ17% of the static controle; nϭ6, adjusted PϽ0.01), MCP-1 (198Ϯ16%; nϭ4, adjusted Pϭ0.01), and VCAM-1 mRNA (291Ϯ32%; nϭ6; adjusted PϽ0.01). This H 2 O 2 -induced increase in VCAM-1 mRNA, for example, was inhibited by the glutathione peroxidase mimetic ebselen 15 the notion that the transient stretch-induced expression of these gene products was mediated by H 2 O 2 .
Cyclic Stretch Modulation of Redox Enzyme Expression
Next the effects of cyclic stretch on the expression of various prooxidant or antioxidant enzymes was investigated. Stretching of the cells for 6 hours did not affect Cu 2ϩ ,Zn 2ϩ -SOD, NOS-3, and NADPH oxidase (NOX-2) subunit expression whereas mRNA levels of catalase, GPx-1, and Mn 2ϩ -SOD were clearly upregulated ( Figure 1D ), possibly attributable to the increased intracellular ROS formation. However, this observation did not reach statistical significance for GPx-1 and catalase. In contrast, exposure to shear stress for 6 hours resulted in a decreased GPx-1 mRNA expression (65Ϯ9% of the static control; nϭ4, adjusted Pϭ0.03) while mRNA levels of catalase were not, those of Cu 2ϩ ,Zn 2ϩ -SOD slightly and those of Mn 2ϩ -SOD and NOS-3 significantly elevated (not shown). The stretch-induced increase in GPx-1 mRNA was confirmed on the protein level ( Figure 2A ), whereas catalase abundance had a tendency to be decreased (Figure 2A , nonsignificant). In contrast to the transient rise in GPx-1 mRNA with a maximum at 6 hours (not shown), GPx-1 protein levels steadily increased, reaching a plateau after 16-hour exposure to cyclic stretch ( Figure 2A ). Cyclic stretch also caused a rise in Mn 2ϩ -SOD and heme oxygenase-1 (HO-1) abundance with Mn 2ϩ -SOD protein levels returning to baseline at 24 hours, whereas those of HO-1 had risen sharply at this point ( Figure 2B ). On the protein level, 12-hour exposure to shear stress also significantly downregulated GPx-1 expression (77Ϯ6% of the static control; nϭ20, global PϽ0.001).
To verify the transferability of these data to the in vivo situation, isolated mouse mesenteric arterial segments were perfused at different levels of intraluminal pressure. GPx-1 mRNA levels were elevated only on raising the perfusion pressure from 90 to 160 mm Hg (supraphysiological level) for 6 hours ( Figure 2C ). CD31 immunohistochemistry confirmed that the segments remained endothelium-intact throughout the 6-hour perfusion period (data not shown). Because of a lack of a suitable antibody, changes in GPx-1 protein in these segments could not be determined. Therefore, mouse cultured arterial smooth muscle cells and pulmonary endothelial cells were exposed to cyclic stretch for the same period revealing a marked increase in GPx-1 expression only in the latter cell type ( Figure 2D and 2E), even though this effect did not reach statistical significance because of the small number of replicates (nϭ3).
Because both exposure to the O 2 Ϫ generator menadione ( Figure 3A ) and blockade of endogenous NO formation with nitro-L-arginine (not shown) apparently increased GPx-1 protein abundance in the cultured HUVECs, cyclic stretchinduced ROS formation seems to be the pivotal driving force therein. In fact, stretch-induced GPx-1 expression was completely blocked by scavenging H 2 O 2 with ebselen ( Figure 3B , supplemental Figure II ).
Effects of Cyclic Stretch on Effector Kinases and Transcription Factor Activation
With the aid of appropriate pharmacological and nucleic acid-based inhibitors we next screened for potential effector kinases and downstream transcription factors involved in stretch-induced H 2 O 2 -mediated GPx-1 expression. Both c-Jun N-terminal kinase (JNK) and Rho kinase blockade significantly augmented the stretch-induced increase in GPx-1 protein abundance, whereas this was abrogated after inhibition of p38 mitogen-activated protein kinase (p38 MAPK; Figure 3C ). Time course experiments revealed a rather transient activation of JNK as compared to that of p38 MAPK ( Figure 3D ). Interestingly, stretch-induced JNK activation was virtually absent in GPx-1 antisense ODNtransfected cells, whereas that of p38 MAPK was only minimally affected ( Figure 3E ).
Cyclic stretch elicited, albeit with different kinetics, a distinct rise in DNA-binding activity of both AP-1 and C/EBP (presumably C/EBP␤ and ␦ according to our earlier work 16 ) in nuclear extracts of the cultured HUVECs ( Figure  4A ). Decoy ODN neutralization of AP-1 tended to augment the stretch-induced rise in GPx-1 protein, whereas this was abolished by the C/EBP decoy ODN ( Figure 4B ) even though the latter effect did not quite reach statistical significance (adjusted Pϭ0.08). The corresponding control oligodeoxynucleotides exerted no significant effects (adjusted Pϭ0.81).
GPx-1 Antisense ODN Effects
To delineate functional consequences of the stretch-induced rise in GPx-1 expression, an antisense ODN-based loss of function approach was used. The effective antisense ODN (AS2) reduced GPx-1 protein levels in the cultured HUVECs to approximately 40% of control ( Figure 5A ). As a conse-quence, their capacity to generate H 2 O 2 was markedly increased ( Figure 5B ) along with a significant rise in CD40, MCP-1, and VCAM-1 expression both on the mRNA ( Figure  5C ) and protein level. For example, CD40 protein abundance increased to 201Ϯ15% of control in antisense ODN-treated cells as compared to 109Ϯ8% of control in scrambled control ODN-treated cells (nϭ4, adjusted Pϭ0.04). One consequence of this enhanced proinflammatory gene expression was an increased adherence of THP-1 monocytes to the antisense ODN-treated HUVECs ( Figure 5D ).
Because of the elevated H 2 O 2 formation observed under static conditions, antisense ODN downregulation of GPx-1 protein levels also significantly augmented the transient (maximum after 3 hours) stretch-induced expression of CD40, MCP-1, and VCAM-1 in the cultured HUVECs ( Figure 6A ) but, as exemplified for VCAM-1 ( Figure 6B ), abrogated the fall in gene expression in cells stretched for longer periods of time (24 hours) . This decline in VCAM-1 mRNA below baseline was confirmed on the protein level ( Figure 6C ) and may have occurred independently of a putative change in the bioavailability of NO because it was not affected by blockade with the NOS inhibitor nitro-L-arginine.
Discussion
That atherosclerosis predominantly develops at arterial bifurcations or curvatures has been known for some 150 years, 17 but only during the past 20 years or so it has become apparent that biomechanical forces altering endothelial cell (and also smooth muscle cell) function may ultimately be responsible for its initiation. 1, 2 Today atherosclerosis is considered as a chronic inflammatory disease of the vessel wall, 18, 19 and biomechanical forces, namely oscillatory shear stress and cyclic stretch, have been shown to alter the endothelial cell phenotype from antiinflammatory to proinflammatory. 20 Moreover, the pulsatile distension of the vessel wall together with the disturbed blood flow yields low flow zones at, eg, arterial bifurcations, which facilitate the contact between circulating leukocytes and the endothelium. 3, 21 Laminar shear stress is the physiologically most important stimulus for maintaining NO synthesis as well as NOS-3 expression in endothelial cells, so that a shift from laminar to oscillatory shear stress diminishes the local concentration of NO in the vessel wall. Cyclic stretch, on the other hand, increases the formation of O 2 Ϫ in endothelial cells (and in smooth muscle cells) through increased activity of the corresponding NAPDH oxidase (NOX-2 or NOX-4). This can be observed in cultured endothelial cells derived from various species, 5, 6, 22, 23 as well as in native endothelial cells. 24 Because NO and O 2
Ϫ rapidly react with each other to yield peroxynitrite, both oscillatory shear stress 25, 26 and cyclic stretch will synergize in reducing the bioavailability of NO to a level where it can no longer control proinflammatory gene expression in the endothelium. 18 In addition to loosening this "NO brake," cyclic stretch through protein kinase C-dependent assembly hence activation of NOX-2 and subsequent (enzymatic or nonenzymatic) dismutation of O 2
Ϫ to H 2 O 2 may also directly affect transactivation of these genes. 7 Thus, expression of the chemokine MCP-1 as well as that of the adhesion molecule VCAM-1 in endothelial cells has been shown to be H 2 O 2 -sensitive. 8, 9 Our data confirm an induction by H 2 O 2 of MCP-1 and VCAM-1 expression in human primary cultured endothelial cells and extend this observation to the T-cell costimulatory molecule CD40. 27 In our experimental setting, great care was taken not to simply stress the endothelial cells by adding large amounts of exogenous H 2 O 2 . Instead glucose oxidase was added to the Ϫ or hydroxyl radicals. 28 Even though some caution is warranted with respect to interpreting results obtained with this fluorescent dye (ie, there are reports suggesting that it may generate O 2 Ϫ itself giving rise to H 2 O 2 formation that amplifies the fluorescence signal 29 ), addition of PEG catalase to scavenge H 2 O 2 greatly reduced DCF fluorescence in cells exposed to glucose oxidase as well as cyclic stretch. Moreover, by using the glutathione peroxidase mimetic ebselen, 15 H 2 O 2 -induced proinflammatory gene expression could be abolished, as exemplified for VCAM-1. It is known that SOD overexpression facilitates intracellular H 2 O 2 accumulation and NF-B activation, thus promoting proinflammatory gene expression. 30 In this context, our data imply that GPx-1 may play a more important role than the 2 superoxide dismutases in preventing proinflammatoty gene expression at atherosclerosis predilection sites.
The aforementioned data suggest that cyclic stretch through activation of NOX-2 elicits an increase in O 2
Ϫ which is effectively converted to H 2 O 2 by Cu 2ϩ ,Zn 2ϩ -SOD or Mn 2ϩ -SOD and in turn, either directly or through an intermediate, triggers the observed increase in proinflammatory gene expression. To prevent this, endothelial cells must rapidly degrade the accumulating H 2 O 2 . Rate-limiting for this is the activity of GPx-1 which, because of the characteristics of the enzyme, 10 most likely hinges on its level of expression. In this context, it was noteworthy that expression of both GPx-1 and the normally shear stress-responsive antioxidant enzyme heme oxygenase-1 31 increased in the stretched endothelial cells, whereas expression of the other antioxidant enzymes either decreased (catalase) or remained unaffected (NOS-3, both superoxide dismutases).
In line with these results, GPx-1 knockout mice have been reported to present with endothelial dysfunction and increased oxidative stress in the arterial vessel wall. 32 Moreover, GPx-1/apolipoprotein E-double-knockout mice, with or without streptozotocin-induced diabetes, develop significantly more atherosclerotic lesions than apolipoprotein Edeficient animals, an effect that is accompanied by an increased expression of proinflammatory marker molecules such as VCAM-1. 33 Likewise in humans, decreased or absent GPx-1 activity in atherosclerotic plaques appears to be associated with the development of more severe lesions. 34 Furthermore, the German AtheroGene Study and others have proposed that increasing GPx-1 activity or expression might rescue endothelial dysfunction and thus lower the risk of cardiovascular events. 35 To assess the functional implications of the stretch-induced rise in GPx-1 expression for the cultured endothelial cells, the classical antisense ODN approach was chosen for the following reasons: (1) there is no specific GPx-1 inhibitor available to date, and (2) at least in our hands transfection of small interfering RNAs into human primary cultured endothelial cells did not prove satisfactory. In fact, one of the antisense ODNs designed, but not the corresponding scrambled control ODN, effectively reduced GPx-1 protein levels. As a consequence, the endothelial cell capacity to generate ROS increased more than 4-fold within 24 hours posttransfection, and this was paralleled by a comparable rise in expression of the 3 proinflammatory gene products monitored. Presumably as a result of the increase in VCAM-1 expression, monocyte adhesion to the antisense ODN-treated endothelial cells was significantly augmented. GPx-1 thus seems to effectively remove the accumulating H 2 O 2 even under static conditions hence maintaining proinflammatory gene expression at baseline.
GPx-1 knockdown also significantly augmented the transient stretch-induced and presumably H 2 O 2 -mediated rise in CD40, MCP-1, and VCAM-1 expression in the cultured endothelial cells while prolonged exposure to cyclic stretch (24 hours) resulted in a decline below baseline. This would fit to the low level of peroxides (namely H 2 O 2 ) and the robust increase in GPx-1 protein at this point. Thus, not only stretch-induced ROS formation may be transient but also degradation of H 2 O 2 by GPx-1 may be accelerated later on, so that stretch-induced ROS formation is fully compensated at that time. This hypothesis is further supported by the finding that the decrease in proinflammatory gene expression after 24-hour exposure to cyclic stretch was abolished in cells treated with the GPx-1 antisense ODN. It was remarkable though that 24-hour cyclic stretch plus knockdown of GPx-1 did not augment proinflammatory gene expression further, as one might have expected from the short term stretch results. In fact, VCAM-1 protein abundance at this point decreased well below the basal level in static controls, and this effect was not influenced by blocking NO synthesis. However, other antioxidative enzymes such as heme oxygenase-1, the expression of which was upregulated more than 5-fold after 24 hours cyclic stretch, may account for this effect.
We 16, 37 and others 38 have previously shown that stretchinduced changes in gene expression in vascular cells proceed through activating several intracellular signaling pathways. Our screen with pharmacological inhibitors of some of the candidate effector kinases confirmed a role for p38 MAPK in stretch-induced H 2 O 2 -mediated GPx-1 expression in the cultured endothelial cells. Rho kinase or JNK activation, on the other hand, appeared to limit GPx-1 expression. Interestingly, GPx-1 knockdown barely affected p38 MAPK activation, whereas that of JNK was virtually abolished. Possibly the function of an upstream effector kinase, JNK phosphatase or JNK itself is redox-sensitive in that the cysteine oxidation state determines their activity. 39 Of the two downstream transcription factors likely to account for the stretch-induced rise in GPx-1 expression, 37,40 a C/EBP family member, presumably C/EBP␤ or ␦, was identified by using the so-called decoy ODN technique. Although the corresponding effect of an AP-1 decoy ODN did not achieve statistical significance, it seemed to corroborate the notion that the JNK-AP-1 pathway inhibits rather than boosts stretch-induced GPx-1 expression. MatInspector analysis 41 in fact revealed one C/EBP␤ binding site at position Ϫ814 and one AP-1 binding site at position Ϫ290 in the promoter of the human GPx-1 gene (GenBank accession No. AF029317) Previously, redox-sensitive transcription factors such as nuclear factor erythroid 1-related factor 1 and 2 (Nrf1/Nrf2) as well as the Ku antigen have been shown to transactivate the GPx-1 gene through antioxidant response elements (ARE) located at positions Ϫ267 and Ϫ1209, respectively. [42] [43] [44] Activation of these transcription factors is dependent on protein kinase C, MAP kinase (eg, ERK1/2, p38 MAPK), and phosphotidylinositol 3-kinase activities. 45 In addition to the single binding site at position Ϫ814, C/EBP␤ may also bind to these AREs in the GPx-1 promoter, as previously demonstrated in murine vascular smooth muscle cells. 46 Hitherto, shear stress but not cyclic stretch has been reported to upregulate GPx-1 mRNA expression in bovine aortic endothelial cells (passages 6 to 12). 47 In human umbilical vein endothelial cells (passages 3 to 8) shear stress causes a decrease in both GSH peroxidase and catalase activity, 48 whereas exposure of the same cells (passages 4 to 6) to cyclic stretch not only raises the level of H 2 O 2 but (consequently) also the activity of GSH peroxidase. 49 In our primary human umbilical vein endothelial cells exposure to shear stress (30 dyn/cm 2 , 12 hours exposure) caused a moderate (23% to 35%) decrease in GPx-1 expression both on the mRNA and protein level. The reason for these somewhat discrepant findings between bovine and human endothelial cells is unclear at present but may not simply be related to a species difference. On the other hand, it is well known that working with endothelial cells at higher passages may be artifact-prone because they hardly produce any NO. 50 In addition, it is important to distinguish between shear stress and (cyclic) stretch which per se are very different biomechanical forces both in terms of direction (unidirectional versus bidirectional deformation) and relative strength (typically stretch is 3 to 4 orders of magnitude greater than shear stress).
Thus, besides the documented stretch-induced rise in GSH peroxidase activity in human cultured endothelial cells, 49 the present findings demonstrate for the first time by using an antisense ODN approach the pivotal role of GPx-1 expression in the protection against oxidative stress and a dedifferentiation of these cells toward a proinflammatory phenotype both under static conditions and in response to cyclic stretch. They further reveal that this biomechanical force upregulates GPx-1 expression in human cultured endothelial cells through the generation of ROS, more precisely H 2 O 2 , 51 followed by activation of the transcription factor C/EBP via the p38 MAPK pathway. 40 Because H 2 O 2 -mediated control of proinflammatory gene expression in endothelial cells may be especially relevant at atherosclerosis predilection sites, our findings indicate that boosting O 2 Ϫ dismutation to H 2 O 2 may be therapeutically less meaningful than accelerating the degradation of H 2 O 2 .
